The regulation of host-pathogen interactions during Mycobacterium tuberculosis (Mtb) infection remains unresolved. MicroRNAs (miRNAs) are important regulators of the immune system, and so we used a systems biology approach to construct an miRNA regulatory network activated in macrophages during Mtb infection. Our network comprises 77 putative miRNAs that are associated with temporal gene expression signatures in macrophages early after Mtb infection. In this study, we demonstrate a dual role for one of these regulators, miR-155. On the one hand, miR-155 maintains the survival of Mtbinfected macrophages, thereby providing a niche favoring bacterial replication; on the other hand, miR-155 promotes the survival and function of Mtb-specific T cells, enabling an effective adaptive immune response. MiR-155-induced cell survival is mediated through the SH2 domain-containing inositol 5-phosphatase 1 (SHIP1)/protein kinase B (Akt) pathway. Thus, dual regulation of the same cell survival pathway in innate and adaptive immune cells leads to vastly different outcomes with respect to bacterial containment. 
Edited by Jeffrey V. Ravetch, The Rockefeller University, New York, NY, and approved August 5, 2016 (received for review May 25, 2016) The regulation of host-pathogen interactions during Mycobacterium tuberculosis (Mtb) infection remains unresolved. MicroRNAs (miRNAs) are important regulators of the immune system, and so we used a systems biology approach to construct an miRNA regulatory network activated in macrophages during Mtb infection. Our network comprises 77 putative miRNAs that are associated with temporal gene expression signatures in macrophages early after Mtb infection. In this study, we demonstrate a dual role for one of these regulators, miR-155. On the one hand, miR-155 maintains the survival of Mtbinfected macrophages, thereby providing a niche favoring bacterial replication; on the other hand, miR-155 promotes the survival and function of Mtb-specific T cells, enabling an effective adaptive immune response. MiR-155-induced cell survival is mediated through the SH2 domain-containing inositol 5-phosphatase 1 (SHIP1)/protein kinase B (Akt) pathway. Thus, dual regulation of the same cell survival pathway in innate and adaptive immune cells leads to vastly different outcomes with respect to bacterial containment. + T cells and macrophages are critical for controlling bacterial growth (1) . Tight regulation of the immune response is crucial to allow for effective activity of each of these cell types while preventing excessive inflammation and pathology. It is likely that many of the regulatory host factors involved in this process are still unidentified. Systems biology approaches are ideally suited to dissect complex regulatory pathways of this kind. Preliminary analysis suggested a role for microRNAs (miRNAs) in regulating the immune response of the host to Mtb.
MiRNAs are a class of small, noncoding RNAs implicated in posttranscriptional regulation (2, 3) . Work from a number of laboratories has demonstrated a role for miRNAs in the differentiation of mammalian immune cells, and in the immune response to cancer, infections, and other diseases of immunological origin (2, 4) . One of the primary ways miRNAs regulate cellular signaling is through mRNA degradation (5) . By taking advantage of the fact that miRNAs target many mRNA transcripts simultaneously, miRNAmediated regulation can be inferred by discovering coordinated changes in temporal transcriptome profiles from genes that are enriched with a specific miRNA-binding site in their 3′ UTR (6) .
Using systems-level integrative approaches, we constructed a miRNA regulatory network for the innate immune response to Mtb infection by macrophages (7) . The network suggested a role for seven miRNAs in regulating the host response to Mtb, with miR-155 being pivotal. This miRNA has previously been implicated in myeloid and lymphoid cell activation, where it appears to exert control over inflammation and formation of immunological memory (8, 9) .
We report here that miR-155 regulates similar cellular pathways in both macrophages and T cells, yet these processes have opposite impacts on control of Mtb. In macrophages, miR-155 promotes cell survival and propagation of bacteria, whereas in T cells miR-155 promotes the long-term maintenance of Mtb-specific T cells capable of secreting effector cytokines required to control infection.
Results

Construction of a Putative miRNA Regulatory Network in Macrophages
During Mtb Infection. To assess the role of miRNAs in the regulation of the innate immune response, we characterized the transcriptional response of bone marrow-derived macrophages (BMMs) at 4, 8, 24 , and 48 h following infection with Mtb and selected 3,473 differentially expressed genes based on the following criteria: Benjamini-Hochberg corrected Student's t test P value ≤ 0.05 and fold-change ≥ 2 (Fig. S1 ). Using these differentially expressed genes, we discovered 11 distinct temporal gene expression signatures that underlie the macrophage transcriptional response to Mtb infection (Fig. 1A) (7) . We further characterized the clusters using Gene Ontology (GO) annotation (Fig. 1B) ; clusters 1-5 were comprised mainly of immune response
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The mechanism by which Mycobacterium tuberculosis (Mtb) modulates the host immune response is not fully understood. We have used a systems biology approach to generate a microRNA regulatory network composed of 77 microRNAs that are associated with Mtb-macrophage interactions. We have determined a unique and dual role for one of these regulators, miR-155, as a rheostat regulating the survival of both innate and adaptive immune cells. On the one hand, miR-155 maintains the survival of Mtb-infected macrophages, providing a niche favoring bacterial replication. On the other hand, miR-155 maintains the survival of Mtb-specific T cells, enabling an effective adaptive response. Our work underscores the value of systems-based prediction of pathogen-specific microRNA networks as a tool to define host-pathogen interactions.
genes and were up-regulated for the first 8 h and subsequently downregulated. Clusters 6-11 were transiently down-regulated and were mainly comprised of genes involved in cellular proliferation (Fig. 1B) . The identification of these clusters served as a basis for modeling miRNA regulation during the temporal waves of transcription.
Predicting MiRNA Regulators of Innate Transcriptional Response to
Mtb. We found 77 putative miRNA regulators associated with the 11 temporal gene expression signatures by training the network using the Framework for Inference of Regulation by miRNAs (FIRM) (6) (Fig. 1A) . miRNA-mediated repression of transcript levels was predicted for seven of the putative miRNA regulators (Fig.  1A and Table S1 ; correlation coefficient ≤ -0.65 and BenjaminiHochberg corrected P value ≤ 0.05). Four miRNAs were significantly up-regulated (miR-24, miR-142, miR-155, and miR-212), and three were down-regulated (miR-19a, miR-202, and miR-376a) in response to Mtb infection relative to uninfected controls (BenjaminiHochberg corrected P value ≤ 0.05 and fold-change ≥ 2; Fig. 1D and A B C Table S1 ). Thus, by applying a systems-level integrative approach, we constructed a regulatory network consisting of seven miRNAs that are predicted to regulate the macrophage response to Mtb infection. We decided to validate the prediction using miR-155 as a prototype, as a miR-155 −/− mouse was available (10) . Profiling of these miRNAs in Mtb-infected mouse macrophages demonstrated a 15-fold induction for miR-155 early after infection ( Fig. 1E and Table S1), which was validated by quantitative PCR (Fig. S2) . The expression of miR-155 decreased to twofold over baseline after 48 h. We then validated the predicted regulation of target genes by miR-155 during Mtb infection by comparing the response of WT macrophages to macrophages from miR-155 −/− mice. Transcription profiles were collected at 8 h postinfection, a time point when miR-155 expression is highest. Transcript levels of a number of genes that were significantly enriched with miR-155 binding sites (P value = 5.0 × 10
) were down-regulated in WT macrophages but not in miR-155 −/− cells. More specifically, in macrophages from miR-155 −/− mice, there was a significant loss of repression for cluster 8, 9, and 10 genes (P values < 0.05) (Fig. 1C and Table S2 ). These clusters were both negatively correlated with miR-155 expression and enriched with predicted miR-155 targets ( Fig. 1C and Table S2 ). (Fig. 2A) . Virulent Mtb manipulates cell survival and/or death pathways in host macrophages to evade innate immunity, facilitate bacterial dissemination, and delay the initiation of adaptive immunity (11) (12) (13) WT macrophages, as measured by the detection of DNA-nucleosome complex formation via ELISA (Fig. 2B) . MiRNAs are also known to negatively regulate protein levels by blocking translation or by targeting mRNAs for degradation. Previous studies demonstrated that miR-155 targets the 3′ UTR of the mRNA of SH2 domain-containing inositol 5-phosphatase 1 (SHIP1), an inositol phosphatase that functions to modify the PI3K/ Akt signaling pathway, which in turn has a role in proliferation and survival of a variety of cell types (14) (15) (16) . In agreement with these studies, SHIP1 protein levels were increased in miR-155 −/− macrophages compared with WT cells (Fig. 2C ) at 24 h postinfection. Consistent with higher SHIP1 levels, miR-155 −/− macrophages exhibited decreased phosphorylation of Akt1 compared with WT cells (Fig. 2C) . The diminished phosphorylation of Akt1 was associated with decreased phosphorylation of Bad, a regulator of caspase-3-mediated apoptosis (Fig. 2C) . The caspase-3-mediated apoptosis pathway was further reinforced by the observation that ectopically expressed miR-155 rescued the apoptosis phenotype (Fig. 2D) . The role of SHIP1 in miR-155-dependent macrophage survival was probed with 3AC, a SHIP1 inhibitor. To assess the effect of SHIP1 inhibition on macrophage viability during Mtb infection, we measured the surface expression of Annexin V and the uptake of the viability dye Zombie Violet (Fig. 2E) . At 24 h postinfection, miR-155 −/− macrophages had a higher percentage of dead or dying cells than did WT macrophages. This phenotype was reversed by 3AC (Fig. 2F) .
A previous study suggested that miR-155 induces autophagosomes in macrophages, thus promoting the maturation of mycobacterial phagosomes and decreasing the survival rate of intracellular mycobacteria (17) . This was not the case in our system. There was no difference in autophagosome formation in primary miR-155 −/− and WT control macrophages challenged with virulent Mtb as assessed by LC3I to LC3II lipidation (Fig. S3 ). These data suggest that blockade of the SHIP1 pathway by miR-155 leads to increased macrophage viability and increased bacterial growth during the innate response to Mtb. vivo, we infected miR-155 −/− mice and WT control mice with Mtb via the aerosol route. MiR-155 −/− mice had a lower bacterial burden 2 wk postinfection ( Fig. 3A ; P < 0.05), suggesting that Mtb-induced miR-155 alters the innate immune response, resulting in enhanced Mtb growth. This is consistent with our in vitro data demonstrating restriction of bacterial growth in miR-155 −/− macrophages ( Fig. 2A) . To assess whether this early bacterial control was correlated with an increased rate of apoptosis, as observed in our macrophage in vitro system ( Fig. 2 B and F) , we stained lung samples for active caspase-3 at 21 d postinfection and observed an increase in active caspase-3 staining in miR-155 −/− lung samples compared with WT samples (Fig. 3 B and C) . This suggests that an increase in apoptosis in miR-155 −/− lungs might contribute to the decrease in bacterial burden early during infection.
Impaired Mtb Control by miR-155
−/− Mice Late During Infection.
Despite enhanced control of infection early on, miR-155
mice had a higher pulmonary Mtb load than WT mice during the chronic phase of infection (Fig. 3D ) and exhibited an increased amount of inflammatory pulmonary damage (Fig. 3E ). This observation is supported by a previous study (18 mice, both during the onset of adaptive immunity and during chronic stages of infection (Fig. 3 F and G and Fig. S4 ). The finding that miR-155 −/− mice had similar numbers of Mtb-specific T cells in their lungs despite having increased bacterial burden suggested the possibility that miR-155 may indeed regulate Mtb-specific T-cell responses, as elevated lung bacterial burdens are usually associated with higher Mtb-specific T-cell numbers (19) .
Robust Proliferation by WT T Cells in Mtb-Infected MiR-155
−/− Mice.
T-cell responses could be shaped by miR-155 either directly via 3H) . Five days after the transfer, P25 Tg T cells were recovered from the lymph nodes and spleens of the recipients using magnetic bead enrichment of CD45.1-expressing cells (21) . The transferred cells underwent increased proliferation in the miR-155 −/− mice compared with WT recipients (Fig. 3H) , suggesting that the inflammatory milieu in Mtb-infected miR-155 −/− mice promotes superior expansion of Mtb-specific CD4 + T cells.
MiR-155 Regulation of T-Cell-Intrinsic Maintenance in Response to
Mtb Infection. Because Mtb-infected miR-155 −/− mice exhibited similar numbers of Mtb-specific T cells as WT mice despite an elevated bacterial burden and an inflammatory milieu conducive to T-cell expansion, we hypothesized that miR-155 −/− T cells were intrinsically impaired in their ability to proliferate and/or survive.
To directly compare the function of WT and miR-155 −/− T cells in identical in vivo conditions, we generated mixed-bone marrow chimeric mice by reconstituting sublethally irradiated (600R) T-cell-deficient (TCRβ −/− δ −/− ) mice with a 1:1 mix of WT (CD45.1) and miR-155 −/− (CD45.2) bone marrow (Fig. 4A) . WT:WT (CD45.1:CD45.2) mixed-bone marrow chimeras were also generated as controls. Ninety days following reconstitution and before Mtb infection, we found that WT and miR-155 −/− CD4 + and CD8 + T cells were maintained at an approximate 1:1 ratio in the blood, lungs, spleen, and lymph nodes (Fig. S5) . At day 21 postinfection, however, significantly fewer Mtb-specific CD4 + and CD8 + T cells were recovered from the lungs of miR-155 −/− mice compared with their WT counterparts (Fig. 4 B-E) . The dramatic skewing toward WT tetramer-binding T cells was in large part driven by their recognition of Mtb antigens, as naïve CD44 low T cells that did not bind tetramers were recovered in only 3-5-fold higher numbers in WT compared with miR-155 −/− mice ( Fig. S6 A and B) . 
Control of Cytokine Production by MiR-155 in Mtb-Specific T Cells.
Next, we examined whether miR-155 regulates the ability of Mtbspecific CD4 + T cells to produce IFNγ, a cytokine critical for activating macrophages to control intracellular Mtb. First, we compared in vivo IFNγ production by Mtb-specific, WT, and miR-155 −/− CD4 + and CD8 + T cells in mixed-bone marrow chimeric mice by performing direct ex vivo cytokine staining in the absence of restimulation. Although lung-resident WT Mtb-specific T cells produced IFNγ robustly, miR-155 −/− Mtb-specific T cells produced little or no IFNγ, at levels similar to naive CD44 low T cells (Fig. 5 A-D and Fig.  S6 A and B) . Next, we examined the capacity of WT and miR-155 −/− T cells from the lungs of these chimeras to produce IFNγ and TNFα after in vitro peptide restimulation. We found that the frequencies of miR-155 −/− Mtb-specific CD4 + and CD8 + T cells that produced IFNγ alone or coproduced IFNγ and TNFα in response to peptide stimulation were dramatically reduced compared with WT levels ( Fig. 5 E-H) . Thus, in addition to regulating the maintenance of antigen-specific CD4 + and CD8 + T cells during Mtb infection, T-cell-intrinsic expression of miR-155 regulates the ability of T cells to produce protective cytokines. at significantly lower numbers, ESAT-6 4-17 -specific CD4 + T cells lacking miR-155 had threefold higher levels of BrdU incorporation than WT cells, ruling out a defect in proliferation (Fig. 6 A and B) .
Given our previous finding that miR-155 −/− macrophages exhibited increased caspase-mediated apoptosis, we next compared WT and miR-155 −/− T cells from chimeric mice for pan-caspase activity. MiR-155 −/− Mtb-specific CD4 + T cells expressed higher levels of caspase activity relative to WT Mtb-specific T cells isolated from the lungs of the same mice (Fig. 6 C and D) . This result suggests that Mtb-specific miR-155 −/− CD4 + T cells have an increased propensity for apoptosis compared with WT cells. In light of our prior data implicating defective SHIP1/Akt signaling in driving increased apoptosis of miR-155 −/− Mtb-infected macrophages, we hypothesized that alterations in this same pathway could help explain the increased apoptosis in miR-155 −/− T cells. (Fig. 6E) . In addition to the SHIP1/Akt signaling pathway, the inhibitory protein SOCS1 is also a validated target of miR-155 and was shown to be regulated by miR-155 in regulatory T cells (22) . However, we found no difference in SOCS1 levels in activated CD4 + cells sorted from the lungs of mixed-bone marrow chimeric mice infected with Mtb (Fig. 6E ). These data demonstrate that during Mtb infection miR-155 modulates the SHIP1/Akt signaling axis in CD4 + T cells, in the same manner as it does in macrophages. Overall, these results suggest a critical T-cell-intrinsic role for miR-155 in regulating the expansion, maintenance, and function of antigen-specific T cells during TB.
The Susceptibility of miR-155
−/− Mice to Mtb Infection Is T-Cell Intrinsic.
We hypothesized that the defects in miR-155 −/− T-cell function and survival explain why miR155 −/− mice are more susceptible to TB despite exhibiting enhanced innate Mtb control. To directly test this idea, CD45.1 congenically marked WT T cells were transferred into Mtb-infected WT or miR-155 −/− mice. Consistent with our previous finding that WT T cells expand robustly when transferred into miR-155 −/− mice (Fig. 3H) , we found that 98-99% of the ESAT- hosts completely reversed the susceptibility of these mice, as measured by lung bacterial burdens (Fig. 7D) . Thus, despite enhanced innate immunity, miR-155 −/− mice are overall more susceptible to Mtb infection because miR-155 −/− mice lack protective Mtb-specific T cells. Antigen-specific T cells are thought to control Mtb infection by secreting IFNγ and TNFα, which in turn activate macrophages to kill the bacterium. Our data demonstrate that miR-155 promotes the survival of both macrophages and T cells by regulating the SHIP1/Akt-signaling axis. This prosurvival signal leads to opposing consequences for the host at the innate and adaptive stages of infection. Early during infection, the presence of miR-155 maintains the survival of Mtb-infected macrophages, allowing the bacteria to proliferate, whereas later during infection miR-155 facilitates the long-term maintenance and effector functions of Mtb-specific T cells, leading to ultimate control of Mtb.
Discussion
MiRNAs are important regulators of the immune system (23), although little is known about the contributions of miRNAs during the natural course of Mtb infection. Previous studies examining the role of miR-155 in regulating macrophage responses to mycobacteria in vitro have generated widely varying results. This discordance is likely due to the use of macrophage-like cell lines instead of primary macrophages, avirulent bacillus Calmette-Guérin instead of virulent Mtb, and widely differing in vitro experimental conditions (24) (25) (26) (27) (28) . A recent study demonstrated that miR-155 −/− mice are more susceptible to Mtb infection during the late chronic stage of infection (18); however, the mechanism underlying this effect was not explored. Our study dissects the role of miR-155 during the innate and adaptive immune response both in vitro and in vivo.
Using a systems-level integrative approach, we constructed a miRNA regulatory network in Mtb-infected macrophages that predicted a central role for miR-155. This was first validated in vitro by showing that miR-155 −/− macrophages controlled Mtb growth better than WT macrophages. The miR-155 −/− macrophages expressed more SHIP1 and less phospho-Akt and exhibited increased apoptosis. Treatment with a SHIP1 inhibitor led to reduced apoptosis, establishing a causal link between SHIP1 signaling and Mtb-infected macrophage survival. This finding is supported by the observation that transfection of miR-155 into THP-1 cells decreased bacillus Calmette-Guérin-induced apoptosis (28) . These findings were then confirmed in vivo; after low-dose aerosol infection, miR-155 −/− mice exhibited enhanced control of Mtb, during the innate stage of infection when macrophage function is critical.
Despite exhibiting early resistance to infection, miR-155 −/− mice were paradoxically compromised in their ability to control Mtb during the chronic stage of infection, after the onset of adaptive immunity. Because T-cell immunity is critical for an effective adaptive immune response during Mtb infection (29) −/− hosts rescued their susceptibility to Mtb, demonstrating that the inability of miR-155 −/− mice to control Mtb during chronic infection is due to a defective T-cell response.
Our work highlights the merits of developing a pathogenspecific miRNAome to identify candidates with critical roles in immune regulation and validating these candidate miRNAs using an animal model that allows tracking of pathogen-specific responses during the natural course of infection. This approach revealed discordant roles for miR-155 during early and chronic stages of Mtb infection, reflecting the position of miR-155 as a pleiotropic regulator of immunity.
Our data suggest a model in which miR-155 regulates macrophage survival and T-cell expansion through SHIP1. Thus, a /J mice were purchased from the Jackson Laboratory. P25 TCR Tg mice have been described previously (20) . All mice were housed and bred under specific pathogen-free conditions at the Institute for Systems Biology and the Center for Infectious Disease Research. All experimental protocols involving animals were approved by the Institutional Animal Care and Use Committee of Seattle Biomed.
Tissue Culture. BMMs were cultured in complete RPMI [cRPMI; plus 10% (vol/vol) FBS, 2 mM l-glutamine, penicillin, and streptomycin] with recombinant human CSF-1 (50 ng/mL) for 6 d. On day 7, BMMs were infected with Mtb H37Rv strain (MOI 5), followed by washing 2× with PBS. The bacterial load within cells was determined by plating serial dilutions from cell lysates homogenized in 1% Triton-X in PBS. Total RNA was isolated from cells using TRIzol (Invitrogen). SHIP1 inhibitor 3AC (Millipore) was used at 6.25 μM in EtOH, added 2 h before infection, and left in for the duration of the infection. Macrophage viability was assessed by flow cytometry using an Annexin V antibody and Zombie Violet viability dye (Biolegend).
Retroviral Transduction of MiR-155. Genomic sequences encoding pri-miR-155 were cloned corresponding to genetic coordinates Chr16: 84714009 and Chr16: 84714331. The product was cloned into a murine stem cell virus (MSCV)-PIG vector (31) , and a control construct in the same backbone was generated encoding a pri-miR-30 formatted shRNA against Tlr5, a gene not expressed by mouse BMM. Retroviral constructs were packaged using the Phoenix ecotropic 293 line. Macrophages were transduced and cells selected in puromycin for 7-10 d before analysis. triplicate. Sample integrity was checked using an Agilent 2100 Bioanalyzer. Samples were hybridized to Affymetrix Mouse Exon ST 1.0 microarrays. Briefly, biotinylated cDNA was generated from 2 μg total RNA and hybridized onto microarrays for 16 h at 45°C. The microarrays were washed and stained with streptavidin-phycoerythrin (PE) using an Affymetrix FS-450 fluidics station. Data were collected with the Affymetrix GeneChip Scanner 3000. Microarrays were normalized at the gene level using the BrainArray custom CDF (Entrez Gene, Version 14) for probeset definitions and RMA as implemented in the "justRMA" function of the Bioconductor package affy for background adjustment, quantile normalization, and summarization. All microarray data can be accessed in Minimum Information About a Microarray Experiment (MIAME) compliant format from National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database (accession no. GSE79733).
Gene Expression Microarrays from
Mtb-Infected Macrophage Gene Regulatory Network Construction. The 3,473 genes significantly differentially expressed (Benjamini-Hochberg corrected Student's t test P value ≤ 0.05 and fold-change ≥ 2) between 0 h and each time point (4, 8, 24 , and 48 h) were used for gene regulatory network construction (Table S1 ). The gene regulatory network was constructed using the cMonkey biclustering algorithm (7, 32) that trained biclusters that correlate with miRNA-mediated regulation using the FIRM (6). Clustering of biclusters was accomplished by using hierarchical clustering of the eigengenes (33) and using the elbow method to choose the optimal number of clusters (34) . Enrichment of GO biological process terms in each mRNA coexpression signature was assessed using the topGO package in R (35) by computing a hypergeometric P value with the Benjamini-Hochberg correction [false discovery rate (FDR) ≤ 0.05]. Semantic similarity between a significantly enriched GO term and each hallmark of infection was assessed by using the Jiang and Conrath similarity measure as implemented in the R package GOSim (6, 36) . For each temporal signature, the similarity scores between its enriched GO terms and the GO terms for each hallmark of infection were computed, and the maximum for each hallmark was returned. Similarity scores greater than or equal to 0.9 were considered sufficient for inferring a link between the enriched GO terms for a temporal signature and a hallmark of infection. Significant miRNA-mediated repression was determined by correlating temporal gene expression signature first principal component with miRNA expression using a Pearson's correlation. Significant loss of repression by miR-155 was calculated by taking the median of the difference between 0 h and 8 h postMtb infection for the specified genes and comparing the repression between miR-155 −/− and the WT control using an unpaired two-sided Student's t test.
Aerosol Infections and Bacterial Cfus. A frozen stock of Mtb H37Rv was diluted and used to infect mice in an aerosol infection chamber (Glas-Col), as described before (37) . Bacterial load in the lungs was determined by plating serial dilutions from homogenized lungs at different time points (37) .
Cell Proliferation Assays. Congenically labeled CD4 + T cells from pooled spleens and lymph nodes were negatively enriched to >95% purity using magnetic beads (Miltenyi Biotec). The cells were CFSE-labeled (Molecular Probes) and adoptively transferred (1 × 10 5 ) by tail vein injections. Transferred cells were recovered 5 d later by enriching the cells from either spleen or lymph node as described before (38) , stained for surface markers, and analyzed by flow cytometry.
Cell Isolation, Analysis, and Sorting. Single-cell suspensions of intraparenchymal lung lymphocytes were prepared by Liberase Blendzyme 3 (Roche) digestion of perfused lungs as previously described (37) . Cells from spleens and LNs were prepared as previously described (39) . Fc receptors were blocked with anti-CD16/ 32 (2.4G2). Cells were suspended in 1× PBS (pH 7.4) containing 0.1% NaN 3 and 2.5% FBS (i.e., sorter buffer) and stained at saturating conditions using antibodies specific for CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6. Western Blotting Analyses. Immunoblotting was performed using standard techniques. Nitrocellulose membranes were probed with relevant primary antibodies: rabbit anti-pBad/total-Bad, rabbit anti-phospho-SHIP1, rabbit anti-total-SHIP1, rabbit anti-phospho-Akt, rabbit anti-pan-Akt (Cell Signaling Technologies), mouse anti-LC3 (5F10) (Nanotools), and rabbit anti-mouse beta-actin1-HRP
